IGF-I stimulates osteoblast proliferation, bone formation and increases bone volume in normal weight bearing animals. During skeletal unloading or loss of weight bearing bone becomes unresponsive to the anabolic effects of IGF-I.
Insulin-like Growth Factor-I Stimulates Recovery of Bone Lost after a Period of Skeletal Unloading
Skeletal unloading induces osteopenia (3, 4, 10, 19, 26, (29) (30) (31) . The progressive loss of bone that occurs during unloading is largely a consequence of a decrease in osteoblast recruitment and activity (8, 9, 11, 18, 30) .
Insulin-like growth factor-I (IGF-I), a potent anabolic agent for bone, promotes osteoprogenitor proliferation, osteoblast formation and survival, and stimulates bone formation (6, 7, 25) . The decline in osteoblast activity and loss of bone induced by skeletal unloading are associated with a loss of bone responsiveness to the anabolic actions of IGF-I (5, 12, 20, 22) . Skeletal unloading using the rat hind-limb elevation model impairs IGF-I receptor activation, disrupts IGF-I signal transduction and inhibits osteoblast formation and activity (5, 20, 22) .
Although skeletal unloading and the mechanisms responsible for loss of bone have been well studied, what happens to bone when the skeleton is reloaded after a period of unloading has received less attention. Bone lost during spaceflight or in models mimicking the weightlessness of spaceflight is at least partially recovered after return to normal loading or weight bearing, but the process is extremely slow (1, 2, 14, 15, 23, 28) . Complete recovery may never occur. In spaceflight missions of 14 day duration, skeletal mass in the rat decreases. Fourteen days after return to normal ambulation bone formation is reported to be increased, but total recovery of bone mass has not yet occurred (14, 32) . In human bed rest studies bone is also lost, and recovery may require six months or more of normal ambulation (16) . These studies show that the bone Page 3 of 30 lost during periods of skeletal unloading may be restored, at least in part, with return to normal weight bearing but the process is slow, and the risk of fracture during this period may be increased.
Based on the observation that skeletal unloading induces resistance to IGF-I we hypothesized that reloading after a period of unloading will increase bone responsiveness to IGF-I and promote skeletal recovery. To test this hypothesis we examined bone structure and formation in response to IGF-I in loaded (normal ambulatory), unloaded (hindlimb elevation) and unloaded/reloaded rats.
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Materials and methods
Animals
Forty-eight male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) three months of age were used for this study. Skeletal unloading was induced using the hind-limb elevation or tail suspension model (10, 19, 31) . Animals were divided into 6 groups of 8 animals each. They were either normally loaded for 4 wk, unloaded for 4 wk, or unloaded for 2 wk and then reloaded for 2 wk. Each group was treated with either vehicle or IGF-I (2.5 mg/kg/day) using osmotic minipumps (Durect Corporation, Cupertino, CA) for the last 2 wk. The time intervals chosen for unloading and reloading were based on previous studies showing that two weeks of unloading produces a clear decrease in bone formation rate and loss of cancellous bone volume, and that two weeks of reloading initiates an increase in bone formation and restoration of bone volume (23). Animals were pair-fed and weighed daily. To measure bone formation, two weeks and two days prior to euthanasia, rats were injected subcutaneously with calcein (15 mg/kg) and demeclocyline (20 mg/kg), respectively, to label mineralizing surfaces.
At the time of euthanasia blood was collected from the abdominal aorta, and serum was harvested for determination of IGF-I. The left tibia and the second lumbar vertebrae were obtained for measurement of fat free weight and microcomputed tomography (µCT). The right tibia was obtained for measurement of periosteal bone formation rate. These studies were approved by the Animal
Care and Use Committee of the San Francisco Veterans Affairs Medical Center.
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MicroCT scanning procedure
The tibiae and vertebrae were cleaned of adherent soft tissue and extracted in ethanol (24 hr) and diethyl ether (24 hr) using a soxhlet apparatus (Fisher scientific, Pittsburg, PA). The bones were dried at 100ºC, and weighed to determine the fat-free weight. The same bones were analyzed using microcomputerized tomography (µCT, Scanco Medical AG, Zurich, Switzerland).
Primary spongiosa:
The distal ends of the tibiae were scanned from the top of the epiphysis down to the middle of the secondary spongiosa in order to include the whole primary spongiosa structure. The isotropic voxel (volumetric pixel) size was nominally 10.5 µm. The X-ray energy was 55 kV. The inner structure of the primary spongiosa is a complex mix of mineralized tissue, marrow and cartilage.
To better discriminate between these different structures we set the integration time to 1 sec to optimize the signal to noise ratio.
Cross sections of the bone were reformatted into longitudinal sections to allow the user to visually recognize and isolate the primary spongiosa, the region of interest (ROI). The limits of the ROI were the growth plate at the proximal surface and the end of the bone spiculae at the distal side. The cortices were the side limits.
Secondary spongiosa:
The region of analysis for the proximal tibia was defined as follows: Three hundred slices (16 µm voxels) were scanned from the bottom of the growth plate 
MicroCT scanning analysis
A global threshold was applied to segment mineralized from soft tissue (lean and fat marrow). In the secondary spongiosa, the threshold was determined as 22% of the maximal possible value corresponding to a threshold of 220 in the The average density of the mineralized tissue in the primary spongiosa is on average lower than the density of cancellous bone in the secondary spongiosa and covers a wide range from the lowest in the vicinity of the hypertrophic chondrocyte zone to the highest in the bone spiculae. To accommodate the lower densities in the primary spongiosa, the threshold was fixed as 20% of the maximal possible value corresponding to a threshold of 200 in the "per mille" unit. The pre-defined threshold was also checked by the operator to match mineralized tissues as they appear on the microCT scan in longitudinal sections.
Bone Histomorphometry
The periosteal bone formation rate was measured at the tibiofibular junction (TFJ) (an unloaded bone in our model) and mid-humerus (a loaded bone in our model). Tibiae and humeri were fixed in 4% phosphate-buffered formalin for 24 hours, dehydrated in increasing concentrations of ethanol and defatted in absolute acetone followed by ether. Bones were embedded in bioplastic (Tap Plastics Inc, Dublin, CA). After overnight polymerization at 60ºC, sections (100 µm) were cut using a Leica SP 1600 circular bone saw (Leica Inc., Deerfield, IL) and bone formation rate measured as previously described using a commercially available image analysis program (BIOQUANT Image Analysis Corporation, Nashville, TN) (11).
Serum IGF -I
Serum IGF-I levels were determined using the IGF-I (IGFBP-blocked) RIA manufactured by American Laboratory Products Company (ALPCO, Windham, NH, USA) as previously described (20) . The calculated sensitivity of the assay is 0.02 ng/ml. The cross-reactivity with IGF-II is small (<0.05%).
Statistics
Data are presented as mean ± SD (n=8 animals/group) and analyzed using either two-way analysis of variance or one-way repeated measures analysis of variance (body weights). The Holm-Sidac post hoc test was applied when significance was observed. All analyses were performed using SigmaStat Tibial fat-free weight (normalized to body weight) did not differ among the groups (Fig. 2) , although there was a trend for levels to be lower in vehicle, unloaded animals (p=.06). Fat-free weights were normalized to correct for the small differential in body weights at day 28.
Periosteal bone formation rates at the TFJ and mid-humerus are shown in The changes in bone volume induced by IGF-I treatment and skeletal unloading were associated with specific changes in bone structure (Tables 1, 2 ).
In the secondary spongiosa of the tibia, Tb.Th decreased with unloading and then increased with reloading in the IGF-I treated animals ( Table 1) 
Discussion
The similarity in body weights within the vehicle-treated and separately within the IGF-I-treated groups suggests that the changes in bone associated with unloading were not a consequence of changes in body weight. Animals receiving IGF-I taken collectively were significantly heavier than vehicle treated animals. These findings are consistent with the rise in serum IGF-I in treated animals and the expected response to the anabolic actions of IGF-I.
Although there was no significant change in fat-free weight among the groups, unloading tended to result in a small (9%) loss of bone mass. This has also been observed in six month old rats where skeletal unloading for 4 weeks reduced bone mass by approximately 10% (9) . In studies in young rats (6 week old), skeletal unloading produces a much greater deficit in bone (12-25%) in a much shorter time (2 weeks) (10, 23). This may be explained by the high metabolic rate and rapid turnover of bone in young animals. High bone turnover would be expected to provide a greater opportunity to lose or gain bone mass, and may explain why older animals respond more sluggishly to unloading with respect to changes in fat-free weight and cancellous bone volume.
Periosteal bone formation at the TFJ decreased dramatically during skeletal unloading in the vehicle treated animals as expected. We and others have shown this to occur in both young (6 week old) and adult (6 month old) animals (9, 23, 27) . With reloading the rate of formation increased but the difference did not reach statistical significance. In previous studies (23) we have
shown that in young rats reloading after a two week period of unloading increases bone formation by roughly 35% (p<.01). The discrepancy between young and mature animals in response to reloading is likely again a consequence of the more rapid rate of bone turnover in the young animal. As expected, IGF-I treatment increased bone formation at the TFJ in normally loaded animals and at the mid-humerus in all animals. That IGF-I did not prevent the fall in formation accompanying unloading is consistent with our observations that skeletal unloading induces resistance to the anabolic actions of IGF-I on bone (13, 21, 22) . Our previous studies have shown that this resistance is linked to deficient IGF-I receptor activation and downstream signaling in response to IGF-I binding, a process that may be mediated through integrin signaling (22) .
Interestingly, skeletal unloading also attenuates the anabolic response of bone to parathyroid hormone (27) .
The remarkable finding in our studies is the effect of IGF-I on bone formation during reloading. Skeletal reloading in the vehicle treated animals produced a small (37%) insignificant increase in formation rate, whereas reloading in the IGF-I treated animals produced a 238% increase in formation rate. This suggests that bone responsiveness to IGF-I increases when bone is reloaded after a period of unloading. These findings support our hypothesis and are consistent with the reciprocal loss of responsiveness observed during unloading. Studies are now underway to determine whether reloading increases receptor activation upon ligand binding.
The load and IGF-I-induced changes in bone formation in cortical bone were accompanied by changes in trabecular bone volume and structure (Fig. 4 A and B, Tables 1, 2 The measurement of the primary spongiosa by microCT is a novel approach that permitted us to examine the effects of IGF-I during unloading and reloading on its three-dimensional structure. At four months of age rats are considered young adults and their growth rate is slowing. They are, however, still growing. The growth plate in the male rat doesn't close until after 8 months of age (17) . Thus in our animals the tibia was continuing to grow longitudinally (albeit very slowly) and new bone was being formed in the primary spongiosa.
Although we did not measure longitudinal bone growth, previous studies have
shown that unloading has no effect on longitudinal growth regardless of age, duration of unloading and method of unloading (24) . Thus the changes in the primary spongiosa in the vehicle treated animals induced by unloading and reloading can not be attributed to changes in growth. Although longitudinal growth may be necessary to permit adaptation to loading, it appears that the primary spongiosa has the potential to adjust its total and calcified volumes to meet the loading conditions.
IGF-I prevented the loss of bone in the primary spongiosa during unloading and enhanced the restoration of bone during reloading suggesting that the primary spongiosa, unlike the secondary, retains at least some responsiveness to IGF-I. Whether responsiveness depends upon longitudinal growth is not clear.
In the early stages of skeletal unloading or loss of weight bearing, bone mass exceeds mechanical demands and mechanisms come into play to reduce bone formation and stimulate resorption. After adaptation to the unloaded state, reloading or return to normal weight bearing increases mechanical demands and lost bone is replaced. Our data suggest that these changes, at least in part, are Volumes were assessed by microCT as described in materials and methods. 
